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ABSTRACT
Context: Current concussion assessments use static measures that may overlook subtle
impairments. Visual-motor tracking tasks provide an option for dynamic evaluation of behavior
post-concussion, which might reveal subtle and meaningful changes in motor behavior.
Objective: This study compared measurements of performance regularity over time
(approximate entropy; ApEn), obtained from a visual-motor tracking task, captured both pre and
post concussion. Visual-motor tracking performance was compared to the Standard Assessment
of Concussion (SAC) and the modified Balance Error Scoring System (mBESS). Design: ApEn
values were obtained from a visual-motor tracking task. SAC and mBESS scores were obtained
from pre-participation physical exams. Post-test scores were obtained for participants who
suffered a concussion during the study and control participants (matched by age and gender) who
participated in pre-testing. Setting: Visual-motor tracking occurred within an office in the
athletic training room. SAC and mBESS tests were also performed within the athletic training
room, which is typical for concussion assessments. Participants: 73 varsity athletes were pretested (aged 18 to 25) and selected from three sport teams. Five participants from the football
team sustained concussions throughout the study and were post-tested along with ten control
participants. Interventions: For the visual-motor tracking task, participants pressed their index
finger against a force sensor and traced a line presented on a computer screen. A custom written
algorithm calculated ApEn from the visual-motor tracking output. Main Outcome Measures:
An ANOVA was run comparing group (concussion versus control) and test session (pre-test
versus post-test). Correlations were run on post-test ApEn, SAC and mBESS scores. A one-way
ANOVA compared values for individuals having had none, one, or two or more concussions.
Results: Post-test ApEn values for concussed participants were not significantly lower when
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compared to pre-test values and values of control participants. There was a significant
relationship between ApEn values and SAC score, but not mBESS score. Participants with a
history of two or more concussions had a significantly lower ApEn value when compared with
participants with a history of one concussion. Conclusions: Post-concussion ApEn values were
nearly significantly lower when compared to pre-test values and would have been had 28
concussions been evaluated. Furthermore, three of five concussed participants who had severe
concussive symptoms had lower ApEn values when compared to the two others with less severe
symptoms. The correlation between ApEn and SAC score indicates that the visual-motor tracking
task is aligned with one current concussion assessment in its ability to detect initial impairment.
Lower ApEn values in individuals with two or more past concussions also indicate a lasting
impairment from concussion that may go undetected with typical assessments. Future studies
should seek to increase the number of participants to determine the viability of visual-motor
tracking for concussion assessment.

INTRODUCTION
Cerebral concussion or mild traumatic brain injury (mTBI) assessment and diagnosis are
important facets in sports medicine. Today, there is an increasing degree of anxiety and interest
in decisions made regarding concussion (Len & Neary, 2010). Specifically, there is a growing
concern for how return-to-play decisions are made and on guidelines used for making those
decisions. According to the Center for Disease Control and Prevention an estimated 1.6 to 3.8
million concussions occur annually in the United States (Langlois, Rutland-Brown, & Wald,
2006). Some research has reported that 5 to 6% of college football players suffer a concussion
when participating in a single season (Broglio, Macciocchi, & Ferrara, 2007).
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Concussion causes neurological impairments that affect memory, postural stability, and
neurocognitive function (Len & Neary, 2010). In 2009, the Concussion in Sport Group (CISG)
proposed a definition for concussion. They defined concussion as, “a complex
pathophysiological process affecting the brain, induced by traumatic bio-mechanical forces”
(Len & Neary, pg. 86, 2010). It is difficult to define concussion because of its variability in
symptoms and lack of understanding for what actually occurs in the brain. This makes it
challenging for clinicians to understand all specific effects of this injury. Relatively high
incidence of concussion and its negative effects on the brain, specifically in athletes, is an
explanation for the growing concern that return-to-play decisions are often based on subjective
and untested assessment. There is data to support that returning to play too early following
concussion can result in increased susceptibility to recurrence. Sustaining multiple concussions
is associated with slower recovery of neurological function and the possibility of life altering
damage to the brain. (Cavanaugh, Guskiewicz, Giulani, Marshall, Mercer, & et. al., 2005). In
addition, football players who experience a concussion are three times more likely to sustain
another during the same season (Valovich, Perrin, & Gansneder, 2003). Although the effects of
concussion are not fully understood, the more that is known about their immediate effects and
when impairments subside, the more confident clinicians can be about when their patients have
recovered fully.
Recovery rates for individuals with concussion vary widely. It is important that medical
professionals are confident that a full recovery has taken place when making return-to-play
decisions (Cavanaugh, Guskiewicz, Giulani, Marshall, Mercer, & et. al., 2006). Traditional
assessments include: the Balance Error Scoring System (BESS), the Standard Assessment of
Concussion (SAC), computerized assessments of postural stability, and symptoms checklists.
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Most of these assessments compare baseline scores with scores following head injury.
The SAC is a neurocognitive assessment used by athletic trainers and team physicians to
evaluate and quantify mental status following head injury. It consists of a neurological
screening, immediate memory, and delayed recall components (Koscs, Kaminski, Swanik, &
Edwards, 2008). Participants are given points for correct answers with a maximum of 30 points
total. The BESS is an assessment of postural control. It is often used in conjunction with the
SAC to determine an athlete's readiness to return to play. The BESS consists of 3 stances,
double leg, single leg, and tandem stances. Each stance is performed twice, once each on a
stable surface and foam pad, for twenty seconds. Each trial is performed with eyes closed and
hands on hips. The clinician scores the individual by giving points each time the participant
opens the eyes, takes his or her hands off of the hips, loses his or her balance and takes a step or
abducts or flexes the hip beyond 30 degrees, or takes longer than five seconds to return to
position following an error.
Clinicians use a variety of tools rather than relying on one when making decisions about
an athlete’s recovery, however, concussion is a closed head injury making it impossible for
clinicians to know exactly what is happening inside the brain immediately following the injury.
The only way to view the brain is through imaging techniques, such as functional magnetic
resonance imaging (fMRI) or computed tomography (CT). Most athletic trainers, who would be
on scene initially, do not have access to imaging immediately following a head injury.
Furthermore, imaging does not give clinicians much relevant information about a concussion.
Rather, it can expose other more emergent pathologies, possibly involved, as a result of a blow to
the head. For example, when someone suffers a head injury, there is the potential for a skull
fracture or hematoma. CT scans can show these pathologies, but no information about the
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behavioral or cognitive effects of a concussion can be gathered from this type of scan. Some
information about what areas of the brain are affected by concussion can be gathered with fMRI,
which displays areas in the brain that are active during certain tasks. However, all this tells the
clinician is that certain areas may be hyperactive or hypoactive and those areas may or may not
correspond with affected systems.
The nature of current assessment tools tends to be subjective because of the lack of
insight into the brain (Notebaert & Guskiewicz, 2005). That means these evaluations are more
susceptible to false positives or even false negatives. For example, one study showed that
individuals who were more fit reported fewer symptoms from a concussion symptoms checklist
prior to exertion, immediately following exertion, and 24 hours following exertion. The same
study also found an increase in variance in SCAT2 (Standardized Concussion Assessment Tool 2,
a combined assessment of the SAC, BESS, and other evaluations), symptoms at baseline when
comparing individuals based on level of fitness (Mrazik, Naidu, Lebrun, Game, & MatthewsWhite, 2013). The researchers determined that fitness level had an effect on how symptoms of
concussion were reported. Another study tested the idea that exercise may affect scores on the
SAC because baseline testing is typically done in a rested state (Koscs et. al., 2008). Fifty-six
high school students age 14 to 19 participated in two randomized testing sessions, one in a rested
state and one following an exercise test. Their scores were compared. The researchers
discovered that following exertion 26 participants showed a decrease of greater than one point
between their baseline SAC score and SAC score following exertion. In other words, there were
more false positives during the exercise condition. In the second study, the researchers found an
increase in false-positives (Koscs et. al., 2008). This means that a concussion would be
diagnosed when, in reality, no injury was present. While this would mean treatment would be
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more conservative, an athlete would be required to sit out when unnecessary if they fell into this
category. The variability in test scores in these studies shows how current concussion testing
protocols display a degree of subjectivity.
Not only can assessment tools be subjective in nature, but also athletes who participate in
these evaluations frequently have the ability to improve scores with experience. One study
reported that previously concussed athletes scored better on all cognitive tests, except one
(delayed five-word recall), on the SCAT than athletes who had never been concussed. This
suggests that either non-concussed athletes did not try as hard during their testing or previously
concussed athletes were familiar with the testing and a level of learning or practice aided them
(Shehata, Wiley, Richea, Benson, Duits, & et. al., 2009). Another study compared SAC and
BESS scores between a control group, who took these evaluations as a baseline and thirty days
after the baseline testing, and a practice group, who took the SAC and BESS on day one, three,
five, seven, and thirty. The study showed that a practice effect took place for the BESS. The
practice group scored fewer errors than the control on the day thirty test (Valovich & et. al.,
2003). This idea presents another issue with current standards of concussion testing. If athletes
are able to learn from previous tests and improve scores with practice, then the seriousness of
their injury may not be determined accurately.
Another limitation of these typical concussion assessments is that they are static
measures, meaning they are measured as an average or at one point in time. For example, the
BESS is a measure of postural stability on six different postural tasks. This type of score is static
because data are recorded at specific points in time during the test when the participant loses
balance. One potential drawback of static measures, especially when assessing postural stability,
is that they may not be able to detect subtle changes in variability of behavior that may be the
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result of a head injury.
Dynamic measurements differ from static measures because data is recorded and
analyzed over time rather than at one specific point in time. Values that come from dynamic
analyses represent the entire time-series. Examples of dynamic measurements include:
electrocardiogram (ECG), electroencephalogram (EEG), and electromyography (EMG). In these
three examples contraction of the heart (ECG), electrical activity in the brain (EEG), and muscle
contraction and relaxation (EMG) are measured over time. Analysis of dynamic data quantifies
changes in behavior over time and gives information about the quality of the time-series.
For example, during an ECG, the clinician is able to detect subtle changes in the behavior
of the heart, which may underlie a pathological condition (Gall, Parkhouse, & Goodman, 2004).
In an ECG, changes in heart rate variability (HRV) can be examined, allowing quantification of
the nature and structure of the signal. Traditionally, increased variability was seen as an
indication of pathology (Glass & Mackey, 1988). Today, it is understood that variability in a
system is necessary for normal function (Hamill, Heidershceit, Haddad, & Van Emmerick, 2006).
In the study of non-linear dynamics, the structure of variability can be assessed using several
non-linear analysis tools including recurrence quantification analysis (RQA), spectral analyses,
and approximate entropy (ApEn). Dynamic measures are more sensitive to subtle changes in
variability because of their quantification of the structure of variability rather than the amount of
variability. Static measures generally assess the amount of variability in a system. For example,
standard deviation is a measure of variability, which is an index of the magnitude of variations
from the mean (Slifkin & Newell, 1998). However, understanding how variability is structured
rather than relying solely on static measures, which describe the amount of variability, would
provide an additional tool for clinicians to use in their evaluations (Rhea & Kiefer, 2014). The
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use of dynamic measures of variability of how a system changes over time allows clinicians to
see changes in variability in data that, otherwise, may be missed in static assessments.
Another example of dynamic data analysis is measuring the regularity of center of
pressure (COP) data collected from quiet stance of participants. COP is a variable used to
portray postural steadiness and is defined as the application point of the resultant ground reaction
force (GRF) vector acting on a surface. The movement of center of pressure is typically
measured over time during a period of quiet stance, and characteristics of COP movement can
give insight into postural stability (Cavanaugh, Guskiewicz, & Stergiou, 2005). Specifically,
regularity of COP of quiet stance can indicate neurological impairment. This is shown in a study
involving Parkinson's disease (PD) and quiet stance. The researchers in this study used
recurrence quantification analysis (RQA) to examine COP dynamics in PD patients. RQA is a
non-linear dynamic analysis tool that characterizes changes in complexity in data. It also
quantifies the extent that a series of data points repeat themselves in a time-series. The
researchers found that there was a higher degree of COP variability in PD patients when
compared to the control group, possibly indicating greater system noise in PD patients.
However, after analyzing the data using RQA, they found that the variability in postural sway in
the anterior-posterior direction was not due to noise, but a dynamic pattern was visible in PD
patients COP data. In other words, the COP data in PD patients became more regular and less
complex (Schmit, Riley, Dalvi, Sahay, Shear, & et. al., 2006). Using RQA as a dynamic analysis
tool allowed the researchers to detect changes in behavior that may not have been visible with
the use of static measures. In comparison, using a static measure of postural stability (like a
BESS score), athletes with concussion may show no signs of a deficit, when in fact a subtle
deficit, could be detected by a more dynamic measure (COP changes over time; Cavanaugh et.
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al., 2006).
Use of dynamic analyses of data is well documented in physiology and has been a useful
tool for many clinicians. Some other examples of physiological systems that output nonlinear
dynamical signals include, respiration, sleep-wake cycles, the release of insulin, peristaltic waves
in the intestine and ureters, and electrical activity in the cortex and autonomic nervous system
(Glass & Mackey, 1988; Cavanaugh, Guskiewicz, & Stergiou, 2005). One commonly used
measure for quantification of dynamic data is approximate entropy (ApEn). ApEn is a
quantification of regularity and complexity in a time-series (Pincus & Goldberger, 1994). In
other words, it is a measure of how organized or disorganized a signal is during a period of time.
The ApEn algorithm generates a unit-less number from zero to two. Zero corresponds with a
more organized and less complex (random) signal while two corresponds with a less organized
and more complex (random) signal (see Figure 1; Cavanaugh, Guskiewicz, & Stergiou, 2005).

Figure 1. An example of two waveforms with corresponding ApEn values.
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Pincus & Goldberger (1994) examined the ApEn of time-series data of two heart rate tracings in
4-month old infants during quiet sleep. They looked at one heart rate tracing from a healthy
infant and one from an infant who had, one-week prior, experienced a life-threatening event also
called an aborted sudden infant death syndrome (SIDS) episode. Both infants had normal mean
heart rates and heart rate standard deviations (overall variability) that were approximately equal.
In the heart rate tracings the researchers found that the SIDS infant had a less complex and more
regular tracing than the healthy infant. According to previous understandings of variability, both
infants had a healthy cardiovascular system (Glass & Mackey, 1988). These findings suggest
that a more organized and less complex signal indicated pathology in the SIDS infant.
Not only can ApEn be used as a measure of regularity in a physiological system like the
heart, but it can also be used to quantify regularity in any dynamic data. For example, it has been
used in two studies to evaluate postural control following cerebral concussion (Cavanaugh et. al.,
2005; Cavanaugh et. al., 2006). Both studies were retrospective, case series analyses of center of
pressure data collected prior to and following cerebral concussion. The researchers in both
studies calculated ApEn scores from COP data collected in anterior-posterior and medial-lateral
directions. In order to collect COP data, the researchers used a common concussion assessment
tool called the Sensory Organization Test (SOT). The SOT is a computerized postural stability
test, which consists of 18 trials lasting 20 seconds. Participants stand with arms relaxed at the
side while looking straight ahead and standing as still as possible. Each trial is performed in a
different sensory condition. The trials consist of two surface conditions, one fixed and one sway
referenced, as well as, three visual conditions, one with eyes opened, one with eyes closed, and
one with sway referenced vision. Each of the visual conditions is performed in each of the two
surface conditions. Both studies found that COP-oscillations became more regular following
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injury despite no indications of a lack of postural control as determined by the SOT. The use of
ApEn to evaluate the data dynamically was able to detect subtle changes in each individuals COP
that were undetectable by computerized testing equipment, which measured their postural
stability statically.
While a more dynamical approach to concussion screening is promising, one difficulty
with using the postural testing that allows dynamical analysis (equipment like the Smart Balance
Master System) is that it is expensive and cannot be transported to the sideline. This makes it
difficult for use by athletic trainers immediately following a head injury. Another way to
evaluate behavior dynamically, following a possible concussion, is through using non-linear
time-series analysis of performance on a visual-motor tracking task. The visual motor tracking
task includes two conditions, one constant force with visual feedback and one constant force
with no visual feedback. The participant produces a line on the screen representing applied force
by pressing their index finger against a load cell. The line will rise or lower depending on the
amount of force applied to the transducer. The participant is instructed to apply force to the load
cell and match a line on a screen for 20 seconds. The visual motor tracking task is easily
administered and accessible with the potential to be adapted to a tablet application, making it
portable and accessible to athletes and athletic trainers. An ApEn analysis of data received from
an easily administered screening tool such as visual-motor tracking analysis, in conjunction with
previously established methods, could possibly add to current concussion screenings leading to
more objective, accurate, and reliable diagnosis of concussion and return-to-play decisions.
AIMS & HYPOTHESES
The first aim of this study was to compare the non-linear dynamical measure of ApEn, on
a visual-motor tracking task, for baseline (pre-test) and post-test following concussion.
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Secondly, this study aimed to compare performance on the visual-motor tracking task to
currently administered baseline concussion tests, namely, the SAC and BESS both pre-test and
post-test. Finally, this study aimed to compare ApEn in athletes with a history of multiple
concussions with athletes having no history of concussion.
Previous studies have documented that data collected on COP in athletes suffering a
concussion tended to be more regular in nature (had lower ApEn) when compared to baseline
testing, suggesting that ApEn values from COP data may be a valid tool for measuring subtle
changes in behavior caused by concussion (Cavanaugh et. al., 2005; Cavanaugh et. al., 2006).
When a concussion was sustained by a participant in this study, we hypothesized that ApEn
would reflect changes in behavior indicative of global impairment leading to lower values when
compared to baseline and when compared to matched controls. We also hypothesized that ApEn
values would indicate concussion impairment in line with other more subjective assessments
leading to a correlation between ApEn scores and scores on the SAC and BESS during pretesting. Finally, it is well documented that suffering even one concussion may lead to permanent
cognitive changes in the brain and that sustaining multiple concussions has been associated with
life altering damage and late-life cognitive impairment (Shehata et. al., 2009; Cavanaugh et. al.
2005; Guskiewicz, Marshall, & Bailes, 2005). It is possible that a history of concussion could
affect the brain in a way that data from the visual motor task could become more regular in
nature. We hypothesized that the lasting influence of concussion may be better assessed with the
nonlinear measure of ApEn leading to lower ApEn values (but not necessarily higher modified
Balance Error Scoring System (mBESS) or lower SAC scores) in athletes with a history of
multiple concussions as compared to athletes with no history of concussion.
METHODS
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Participants
Seventy-five Utah State University (USU) athletes were recruited to participate in
pretesting procedures. Participants were recruited from sports participating during the Fall 2014
(September through December) season. Participants were male and female ages 18 to 30 years
of age from the men's football, women's soccer, and women's gymnastics teams. Participants
ranged from freshman class to senior class. Post-testing of the visual-motor tracking task
occurred on any participants who suffered a concussion during the Fall season, in conjunction
with currently practiced concussion assessments, namely the SAC and modified BESS. USU
athletic trainers use a modified BESS in their concussion protocol. The only difference in the
mBESS is that hip abduction and flexion exceeding 30 degrees is eliminated as an error. During
the Fall 2013 (September through December), at USU, there were a total of 14 concussions,
suffered by 13 athletes (one football player sustained two), between the three teams that will be
studied (see Table 1). Broglio, Macciocchi, & Ferrara (2007) suggested that between 5 and 6%
of college football players will suffer a concussion during an individual season. Comparatively,
9 (8.3%) USU football players sustained a concussion during the 2013 season. A large majority
of the participants in this study were football players due to the percentage of athletes that play
football at USU. This study sought to pre-test 73 athletes and post-test between five and seven
concussed athletes based on data collected from USU.

Table 1.
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Utah State University Fall 2013 Concussion Data
Sport

# of Athletes # of Concussions

% Concussions per Athlete

Men's Football

109

9

8.3%

Women's Soccer

32

1

3.1%

Women's Gymnastics

17

4

23.5%

Totals

158

14

8.8%

General Procedures
Each participant was administered a baseline SAC and mBESS test and given a score.
Baseline scores are taken during pre-participation physicals, which take place prior to athlete’s
first season. Because not all participants were incoming freshman the scores had been collected
between 2010 and 2014. These scores were compared to post-concussion assessments as
necessary. In addition to these tests, a visual-motor tracking task was administered. The ApEn
score from this visual-motor tracking task were then compared pre-test and post-concussion in
the same manner as the SAC and mBESS. In addition, two matched participants (n=10) of the
same age and gender of the concussed athlete participated in post-testing as a control. The ApEn
values collected between concussed participants and control participants will be compared. The
average ApEn value over 10 trials of the visual-motor tracking task was also compared to scores
from the SAC and mBESS. Furthermore, individuals with a history of more than one concussion
were compared to individuals having no history of concussion for pre-test measures.
The visual-motor tracking task consists of the participant placing their right index finger
against a force transducer. A target path appears on a screen and the participant is instructed to
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guide the vertical position of the cursor, by applying more or less force, tracing the path (see
Figure 2). In one condition the participant was instructed to maintain a constant force with full
vision of the trace of their force across the screen. In another condition, visual feedback was
removed after three seconds and the participant attempted to hold a constant force without visual
feedback. Ten trials of each condition were performed in blocks of five with full vision and no
vision alternating. Analysis of the structure of the force output was then performed.

Figure 2. A participant performing the visual-motor tracking task.
Data Analysis
Using Matlab software (Mathworks, Natick, MA) visual-motor tracking data was
analyzed using a custom written algorithm. The algorithm quantifies the disorganization or
complexity of time-series data by ascertaining the extent that short sequences of data points are
repeated within the time-series. The algorithm uses inputs of pattern length and error tolerance
to form vector sequences. The distance between two points a certain distance (error tolerance)
apart are ascertained, and then a ratio of points that are close together over those that remain
close together (within the error tolerance) on a subsequent data point is calculated. The output
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ApEn value is a number between zero and two, which has no unit (see Figure 1). A value of zero
indicates a perfectly repeatable time-series, such as a sine wave. A value of two corresponds
with a completely random time-series, in other words, Gaussian noise (Cavanaugh, Mercer, &
Stergiou, 2007).

RESULTS
Our first hypothesis was that changes in behavior indicative of global impairment due to
concussion, would be represented by lower ApEn values in concussed participants when
compared to baseline values and matched controls. Pre-test and post-test ApEn values were
calculated for the visual-motor tracking task. An ANOVA with group (concussed versus control)
as a between subjects factor, and test session (pre-test versus post-test) as a within subjects
factor, was run. There were no main effects of group or test session. Pre-planned post-hoc
contrasts revealed that the control group had significantly higher ApEn than the concussed group
at both pre and post testing for the full vision condition, F (1, 2) = 103.12, p = .01; F (1, 2) =
93.17, p = .01 (see Figure 3). Within the concussed group, pre and post-test ApEn values were
not significantly different, F (1, 2) = 5.96, p = .13. Power analysis (beta = .8, partial eta squared
= .0138, correlation between repeated measures = .91, alpha = .05) revealed that 28 subjects
would be needed to see a significant effect. For the control group, power analysis (beta = .8,
partial eta squared = .0087, correlation between repeated measures = .32, alpha = .05) revealed
that 308 subjects would be needed for the difference between pre and post testing to reach
significance.
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Figure 3. Pre-test vs. post-test ApEn values for the full vision condition in concussed and control
participants.

Within the no vision condition, there were no main effects of group or test session. Pre-planned
post-hoc contrasts revealed that the control group had significantly higher ApEn than the
concussed group at both pre and post testing for the full vision condition, F (1, 2) = 30.86, p =
.03; F (1, 2) = 26.93, p = .04 (see Figure 4). Within the concussed group, pre and post-test ApEn
values for the full vision condition were not significantly different, F (1, 2) = 5.80, p = .14.
Within the control group, pre and post-test ApEn values were, likewise, not significantly
different, F (1, 2) = 4.14, p = .18.

19

Figure 4. Pre-test vs. post-test ApEn values for the no vision condition in concussed and control
participants.
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Three of the five concussed participants (subjects 4,8, and 69) had severe concussive
symptoms that were evident upon observation (see table 2).

Table 2.
Subjects 4,8, and 69 concussion assessment scores and symptoms.
Subject Days to
#
return to
baseline
4
1

Concussed Baseline Concussed Signs &
Baseline mBESS
SAC
SAC
Symptoms
mBESS
9
11
27
24
Anterograde
amnesia
>5 minutes
Posturing
Headache
Dizziness
Confusion

8

12

3

22

19

28

Face pain
Blurred vision
“Flash of
black”
Headache
Nausea
Dizziness
Sensitivity to
light and sound
Extreme
fatigue

69

1
8
(Symptoms
returned at
day 3)

10

26

17

Headache
Nausea
Fatigue
Dizziness
Slow
Responsiveness

These subjects also had lower ApEn during the post-test than the pre-test (see Figures 5,6,
and 7).
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Figure 5. Subject 4 pre-test (day 1) and post-test (day 2) ApEn values.

Figure 6. Subject 8 pre-test and post-test ApEn values.
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Figure 7. Subject 69 pre-test and post-test ApEn values.
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The other two (subjects 17 and 29) had less severe symptoms and there was some
question as to whether they were concussed or not (see table 3).

Table 3.
Subjects 17 and 29 concussion assessment scores and symptoms.
Subject Days to
#
return to
baseline
17
3

29

1

Baseline
mBESS
4

Concussed Baseline Concussed
mBESS
SAC
SAC

Signs &
Symptoms

13

24

27

Off balance
Head pressure
(day 2)

7

6

27

21 (Subject Headache
seemed
“Felt out of it”
uninterested Upset Stomach
in
performing
test)

These two subjects also had increased ApEn for the post-test over the pre-test (see
Figures 8 and 9).

24

Figure 8. Subject 17 pre-test and post-test ApEn value.

Figure 9. Subject 29 pre-test and post-test ApEn value.
Based on USU protocol, these two were tested as if concussed and were treated as if they had
been concussed. USU concussion protocol is based on signs and symptoms at the initial injury.
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The SAC and mBESS are then used to determine two areas that the athlete may exhibit
impairment in conjunction with signs and symptoms. If symptoms are minimal, but SAC scores
are two or more points less than baseline and mBESS scores are three or more points greater than
baseline, then the athlete is treated as if concussed. In addition, the athlete’s progress is tracked
using the SAC and mBESS to determine when they can return to play. Athletes are allowed to
return following a functional exercise test and no more than five days after mBESS scores return
to within three of baseline and SAC scores return to within two of baseline. It is possible that the
visual-motor tracking task was able to detect impairment in the participants with severe
concussive symptoms while those with less severe symptoms did not show impairment on the
visual-motor tracking task. More data would need to be collected to confirm this premise.
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In addition to ApEn, Root Mean Squared Error (RMSE) was calculated as a score of
overall performance on the visual motor-tracking task. A comparison was made between
concussed participants and their matched controls for both the full vision (see Figure 5) and no
vision conditions (see Figure 6). No significant main effects or interactions were found within
the full vision condition or within the no vision condition.

Figure 10. RMSE score for concussed and control participants in the full vision condition.
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Figure 11. RMSE score for concussed and control participants in the no vision condition.

Pre-test ApEn values were also compared with SAC and mBESS values in the concussed
group using Pearson’s correlations (see table 4).
Table 4. Correlations between ApEn, SAC, and mBESS.

We hypothesized that lower ApEn values would point toward concussion impairment in line with
current concussion assessments, specifically, the SAC and mBESS. ApEn was significantly
correlated with the SAC score for both full and no vision conditions (.26, .24). No correlation
was seen between the mBESS score and full and no vision ApEn scores (-.16, .01).
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Finally, we hypothesized that pre-test ApEn values for individuals who had suffered a
greater number of concussions previous to this study would be less than those who had suffered a
fewer number of concussions. Pre-test ApEn values for full-vision in individuals having had
none, one, or 2 or more concussions were compared via a one-way ANOVA with number of
previous concussions (0, 1, 2+) as a factor. There was no significant main effect of concussion
number, F (2, 70) = 2.3, p = .11. Post-hoc contrasts revealed a significant difference only
between those having sustained 1 and those having sustained more than one concussion,
F (1, 70) = 4.46, p = .03. This means that ApEn values were higher in individuals having had one
concussion than individuals having had 2 or more concussions (see Figure 12).

Figure 12. Pre-test ApEn values for participants with none, one, and two or more past
concussions.
There were no significant differences between groups within the no vision condition.

Discussion
This study was designed to examine whether a novel concussion-screening tool that
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measured non-linear changes in movement variability might be a good indication of impairment
following concussion. Seventy-three collegiate athletes were pre-tested, and five concussed and
ten non-concussed athletes were post tested. One aim of this study was to compare pre-test
ApEn values collected from the visual-motor tracking task to post-test ApEn values and ApEn
values of a matched control group. We hypothesized that global impairment would be reflected
in concussed participants by lower ApEn values when compared to their baseline values and
ApEn values for control participants. We based this hypothesis on previous studies of concussed
individuals who displayed lower ApEn of COP data and suggested the validity of using COP
ApEn data to detect impairment following concussion (Cavanaugh et. al., 2005; Cavanaugh et.
al., 2006). Pre-test ApEn values in this study were collected using a visual-motor tracking task
and were compared to post-test values following a concussion.
The finding that ApEn values from the visual-motor tracking task on participants who
suffered a concussion were lower (although not significantly) when compared to pre-test values
indicates that the visual-motor tracking task may be a reasonable tool for detecting impairment
resulting from concussion. Although no significance was shown between pre-test and post-test
ApEn values for either group, the large number of subjects needed to achieve significance in the
control group versus the relatively smaller number needed to achieve statistical difference in the
concussed group gives some merit to the finding that ApEn decreased following concussion.
Future studies would need to pre-test a larger number of athletes and/or follow them over a
longer period of time to increase the probability of, and therefore, number of concussions
sustained, in order to determine a more reliable difference between pre-test and post-test ApEn
values. Cavanaugh et. al., (2005) compared preseason and post concussion ApEn values from
postural sway data on 27 concussed athletes over a period of six years highlighting the
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importance of a larger number of subjects and also the difficulty in recruiting a large number of
athletes who have sustained concussion.
Both Cavanaugh et al. (2005) and our study found decreased ApEn following concussion.
Decreased ApEn value reflects more regularity in behavior which could result from several
things including greater demands on attention for reaction, prediction, and visual-motor
coordination, less automatic patterns of movement, and general physiological impairment (Rhea
& Kiefer, 2014). Therefore, lower ApEn in the visual-motor tracking task may be the result of
concussed individuals needing to give greater attention to controlling movement rather than
relying on automatic patterns. This is similar to previous studies evaluating postural control
using ApEn, which speculated that a neurophysiological change occurred due to concussion
(Cavanaugh et. al., 2005; Cavanaugh et. al., 2006). Neurophysiologic changes post-concussion
may result from reduced interactions between brain regions leading to greater attentional
demands and decreases in automaticity (Cavanaugh et. al., 2005; Cavanaugh et. al., 2006).
This study sought to determine whether or not the ApEn analysis would be as informative
as, or reveal different information than the typical post-concussion analyses. We hypothesized
that ApEn values would correlate with the SAC and mBESS. A significant positive correlation
was found between ApEn and SAC score indicating that the visual-motor tracking task is in line
with at least one current concussion assessment. This gives validity to both of these tests and
indicates the potential ability of the visual-motor tracking task to detect initial impairment.
The SAC provides a means of testing the neurocognitive status of athletes following
injury (Koscs et. al., 2008). The correlation of the SAC and the ApEn values for visual motor
tracking may be the result of the necessity of the concurrent performance of motor and cognitive
tasks required by the visual-motor tracking task (Rao, Uddin, Gillam, & Louis, 2013). Although
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the SAC is exclusively a cognitive task, scores may relate to the visual-motor tracking task
because cognitive skill is also necessary for an individual to perform the visual-motor tracking
task. This task requires coordination between visual and motor areas, the ability to react to
stimuli, memory, and the ability to perform tasks with a degree of automaticity. Impairment due
to concussion results in interference in the ability of the brain to coordinate different areas such
as this, much like dual-task interference (Rao et. al., 2013). In dual-task studies, an individual is
required to perform two skills simultaneously. Interference occurs from the need to perform both
tasks. This same situation can occur between a motor task and a cognitive task performed
simultaneously (Rao et. al., 2013). One study tested subjects by introducing cognitive tasks
during gait, which caused changes in gait due to interference (Al Yahya, Dawes, Smith, Dennis,
Howells, & Cockburn, 2011). Impairment, such as concussion, introduces interference in a
similar way. Motor tasks require coordination between cognitive and motor areas in the brain to
accomplish a task (Rao et. al., 2013). Thus a motor task involves a certain level of cognition.
Individuals impaired by concussion may utilize more cognitive resources in order to accomplish
a task with the same level of output. The injury also changes an individual’s neural processing
(Slobounov, Slobounov, Sebastianelli, Cao, & Newell, 2007). This change in neural processing
due to concussion could affect both the motor and cognitive natures of the visual-motor task and
explain the correlation between ApEn and SAC score.
Although there was a significant correlation between the SAC and ApEn, no significant
correlation existed between ApEn and mBESS scores. Both visual-motor tracking and the
mBESS could be argued to be motor tasks and thus should be associated in some way. However,
the difference lies in the nature of these assessments. The visual-motor tracking task is a
dynamic assessment capturing data over time. The mBESS is a static measure that tallies errors
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that occur at specific points in time. It is reasonable to conclude that the mBESS may not have
detected subtle changes in behavior while the visual-motor tracking task did. Cavanaugh et. al.
(2005) found that, while normal postural stability (determined by an equilibrium score (ES) from
the SOT) was established in their concussed subjects, a deficit in postural control (drawn from
ApEn analysis) was evident. In a similar manner, the mBESS, like the ES is a static
measurement of postural stability and may have missed subtle changes that were detected by the
non-linear analysis of the visual-motor tracking task. In fact, only two of our concussed subjects
(subjects 8 and 17) displayed an mBESS score that was greater (indicating more error) than the
number prescribed by USU concussion protocol as acceptable from baseline scores (see table 2
& 3).
Similar to the findings of Cavanaugh et. al. (2005), we found that overall performance for
the visual-motor tracking task (RMSE) showed no significant difference between pre and post
concussion or between concussed and control participants. RMSE is similar to the ES score of
the SOT balance assessment as it is static rather than a dynamic measure. The finding that ApEn
was different (albeit insignificant) pre and post concussion while RMSE was not also supports
the idea that ApEn may be able to detect impairment not captured by more static assessments.
ApEn was also lower in the concussed group versus the control group, whereas RMSE in the
concussed group was actually slightly higher, although neither of these findings was significant..
Finally, this study sought to compare ApEn values between groups who had previously
suffered no concussions, one concussion, or two or more concussions. We hypothesized that a
lasting influence of concussion might be detected using ApEn values, which would be lower in
individuals who had sustained a greater number of concussions. Lasting impairment due to
concussion was observed in individuals who had sustained two or more concussions.
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Participants who had sustained one concussion had a significantly higher ApEn value during pretesting when compared to those who had sustained two or more, but there was no significance
between those who had sustained zero and one concussion. This may indicate a lasting
impairment from concussion that may go undetected by typical concussion assessments.
Slower recovery of visual-kinesthetic integration is documented following a second
concussion when compared to a first concussion (Slobounov & et. al., 2007). Another study
found that there was an almost six times greater risk of a second concussion in individuals who
had suffered a concussion in the previous five years (Zemper, 2003). This indicates that
extended impairment exists in those with a history of concussion. Additionally, one study found
that concussed athletes with a history of greater than three concussions still exhibited impairment
in verbal memory and reaction time after eight days when compared to athletes with one or no
previous concussions, suggesting an increased recovery time for individuals who have sustained
an increased number of concussions (Covassin, Moran, & Wilhelm, 2013). Our study suggests a
period of impairment greater than 8 days as all individuals with previous concussions sustained
them well over a month before pre-testing began.
The small difference between concussed and non-concussed ApEn values paired with the
finding that three of the athletes with the most severe symptoms did exhibit a decrease in ApEn
following concussion indicates that the visual-motor tracking task could be a viable concussion
screening tool. Future studies should collected data on more participants. The visual-motor
tracking task has the potential to provide a more sensitive and dynamic concussion screening that
could be administered with ease on the sideline. As opposed to force plate measures that require
cumbersome and expensive equipment, the visual motor task could potentially be administered
using a laptop or a tablet device. When combined with other assessments, visual motor tracking
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performance could provide clinicians with more insight into the specific impairments in their
athletes and when those athletes are fully recovered and prepared to return to play. In addition,
the visual-motor tracking task has the potential to detect extended impairment in individuals who
have suffered more than one concussion allowing clinicians to determine which athletes are at
greater risk of injury should they sustain an additional concussion.
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